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A method to genetically modify mammalian cells to render them less susceptible to an inflammatory or immunological stimulus, 
particularly to alleviate thrombogenicity in endothelial cells subject to inflammatory or immune activation, is described, comprising 
genetically modifying the cells by inserting therein DNA encoding t hr ombomodulin and thereby expressing functional thrombomodulin 
from these cells under cellular activating conditions. The method, which can be carried out either in vivo or in vitro (ex vivo) t is indicated 
for use in transplantation as well as to neat systemic or local inflammatory conditions characterized by thrombosis. 
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GENE THERAPY FOR TRANSPLANTATION 
AND INFLAMMATORY OR THROMBOTIC CONDITIONS 

EkU of the umniiim 

The invention provides improvements in the field of gene therapy for transplantation 
and inflammatory and thrombotic conditions. In particular, it is concerned with genetic 
modification of endothelial cells to render them less susceptible to an inflammatory or 
immunological stimulus. It is also concerned with transplantation of genetically modified 
tissues or organs and most particularly is directed to a method of transplanting genetically 
modified endothelial cells or tissue or organs into a mammalian recipient of the same or 
different species, recombinant vectors for accomplishing same, and the cells, tissue or 
organs, as well as non-human transgenic animals, so modified. 

Background of the Invention 

The endothelium consists of the layer of cells which form the lining of blood vessels, 
e.g. arteries, veins and capillaries. While the endothelium (also referred to as "vascular 
endothelium") was once thought to serve merely as a passive conduit for the blood and 
blood serum, it is now recognized that the condition of the endothelial tissue is critical for 
maintaining the normal anti-coagulatory state of circulating blood. In particular, the 
thrombomodulin (TM) protein which is manufactured by endothelial cells and is distributed 
as a surface glycoprotein throughout the endothelium of arteries, veins and capillaries, 
constitutes a multifunctional anti-coagulant molecule which is pivotal in the 
well-characterized Protein C coagulation pathway. In this pathway, thrombomodulin 
functions as a binding receptor of circulating thrombin, removing thrombin from circulation 
and thereby precluding it from, among other functions, clotting fibrinogen or activating 
platelets. Most importantly, once bound by thrombomodulin, the thrombin binds up 
circulating, inactive Protein C, which is thus converted to the activated form. The action of 
activated Protein C on still other co-factors f the c agulant pathway, i.e Protein S, 
ultimately assists in maintaining an anti-c agulatory steady-state. 
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In response to injury, inflammati n or immunologic challenge, such as occurring in 
connection with allogeneic or xenogeneic transplantation of tissues or organs* as well as 
other inflammatory conditions such as various autoimmune diseases or sepsis, the 
endothelium is changed to a dysfuncti nal or "activated" pro-coagulatoiy state. An aspect 
of this conversion occurring in the presence of cytokines such as tumor necrosis factor 
(TNF or TNFa), is the loss or consumption of thrombomodulin from the endothelial cell 
surface. This reduction in thrombomodulin has been ascribed to downregulation at the 
transcriptional level fYu ct tl. t J Biol Them . 266Z (1992) 23237-23247]. 

Thus* inflammatory or immunologic challenge, such as accompanies transplantation of 
tissues or organs, presents a significant threat of microvascular thrombosis, i.e. pathological 
clotting of the blood in the microvasculature of the endothelium, where thrombomodulin is 
ordinarily most active, and inflammation. 

For the above reasons, in connection with implantable synthetic materials such as 
prosthetic arterial grafts, Ito and co-worker, for example, have used thrombomodulin protein 
as an adherent surface coating (USP S'126'140). However, this approach has limited 
usefulness where live grafts are concerned. 

The problem of endothelial cell dysfunction or "activation" in the organ transplant 
setting has been addressed largely by efforts to disable the host immunological response, 
such as with cytotoxic drugs, anti-metabolites, corticosteroids, non-specific 
immunosuppressants such as cyclosporin A, and the like. 

There exists a critical need for a method to alleviate thrombogenicity accompanying 
activation of endothelial cells, and in particular, to prolong organ transplant survival, while 
minimizing toxicity and other adverse effects associated with large doses of 
immunosuppressants. 
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The inventi n utilizes gene therapy techniques to alleviate the thrombogenicity (i.e. 
the tendency to promote blood clotting) of vascular endothelial cells susceptible to an 
inflammatory or immunological stimulus. 

Endothelial cells have been modified by rendering them capable of expressing 
functional thrombomodulin on a regulable or constitutive basis, whereby thrombomodulin 
expression is maintained even in the presence of endothelial cell activating factors. By 
"functional" is meant that the expressed thrombomodulin protein of said endothelial cell can 
bind thrombin in the cellular environment (for example, in the presence of blood of a graft 
recipient), and that the thrombomodulin-thrombin complex thus formed can catalyze the 
activation of zymogen (i.e. inactive) protein C to provide activated protein C. By 
"regulable" is meant that protein expression, whether increased or decreased, is dependent 
on the presence of. or addition of. a given substance. The term "regulable expression" 
includes "inducible expression", whereby gene expression is increased by addition of a 
stimulus. By "constitutive" is meant that protein expression is essentially independent of 
endothelial cell activation. Thus, constitutive expression of thrombomodulin by an 
endothelial cell is substantially free of down-regulation by TNFa or other activating factors. 
Likewise, a constitutive promoter of thrombomodulin is capable of directing transcription of 
the gene even in the presence of serum down-regulatory factors such as TNF. 

Accordingly, the invention concerns a method of genetically modifying mammalian, 
preferably endothelial cells to render them less susceptible to an inflammatory or 
immunological stimulus, preferably by inserting into these cells, or the progenitors of these 
cells. DNA encoding functional thrombomodulin protein in operative association with a 
suitable promoter, whereby thrombomodulin is expressed under endothelial cellular 
activating conditions. 

The invention also comprises a method of inhibiting thrombosis in a mammalian 
subject susceptible to an inflammatory or immune stimulus which comprises inserting into 
cells, tissue or an organ of the subject, DNA encoding thrombomodulin in operative 
association with a promoter, whereby functional thrombomodulin is expressed from these 
modified cells in the presence of cellular activating factors. 
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Prefcrably the cells or tissue arc modified in vivo, i.e. while remaining in the body of 
the patient. Alternatively, cells or tissue may be extracted from the subject and transferred 
to in vitro culture, where they are genetically modified by insertion of DNA as described 
herein, and then grafted into the subject or a different recipient. The subject is a vertebrate, 
in particular a mammal, such as a pig, but may also be a primate, and in particular, a 
human. Such a therapy will be useful to relieve inflammatory conditions or immune 
conditions, such as autoimmune diseases, in a patient, especially where the patient is a 
human. 

In a further aspect the invention comprises a method of transplanting donor allogeneic 
or xenogeneic endothelial cells, or tissue or organs containing endothelial cells to a 
mammalian recipient in whom such cells, tissue or organ are subject to inflammatory or 
immune activation, which comprises: 

(a) genetically modifying these donor cells or progenitor cells thereof or tissue or organ by 
inserting therein DNA encoding thrombomodulin under the control of a promoter, 

(b) implanting the resultant modified donor cells, tissue or organ into the recipient; and 

(c) allowing expression from the resultant modified cells, tissue or organ of functionally 
active thrombomodulin. 

Steps (a) and (b) may be carried out in either order; that is, the donor allogeneic or 
xenogeneic cells, tissue or organ may be modified or genetically engineered (e.g., by 
transfection, transduction, transformation or the like) prior to, or alternatively after, 
implantation into the recipient 

The promote? may be either constitutive or regulable, e.g. inducible. 

For example, endothelial cells or tissue recruited from a pig may be genetically 
modified in vivo by insertion of DNA encoding human thrombomodulin under the control 
of a suitable promoter, and the modified cells or tissue, having been rendered "transgenic" 
thereby if modification has occurred in the germ line or alternatively, somatic recombinants 
if modification has occurred in the somatic cells, are then grafted into the recipient, e.g. a 
human. Once transplanted, the modified cells or tissue will express functional human 
thrombomodulin at the graft site, even in the presence of otherwise downregulatory factors 
such as TNF. Genetic modification of the donor mammal can be carried out at an 
embryonic stage, by well-known techniques, so as to produce a transgenic or somatic 
rec mbinant animal expressing the desired recipient protein. The donor, e.g. pig endothelial 
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cclls or tissue can also be genetically modified by ex vivo means, whereby cells, tissues or 
organs extracted from the d nor and maintained in culture are genetically modified as 
described above, and then transplanted to the recipient, where the graft can then express the 
desired functional recipient thrombomodulin substantially free of down-regulation in the 
presence of endothelial cell activating factors. 

It is preferable that the genetic modification be done in vivo rather than in vitro (i.e. 
ex vivol The preferred in vivo method is by raising up of a transgenic mammal, e.g. a pig, 
to be used as a source of donor cells, tissues and organs expressing the desired functional 
protein. 

Particularly suitable promoters and vector constructs have been identified with which 
to modify endothelial cells or tissues, and in particular porcine endothelial cells [e.g. porcine 
aortic endothelial cells (PAEC) or porcine microvascular endothelial cells in general], so as 
to render them constitutive or regulable expressers of functional thrombomodulin. 

In this regard, in one embodiment, a construct is described hereafter which comprises 
the thrombomodulin DNA in operative association with the Herpes simplex thymidine 
kinase (tk) promoter. 

A retroviral construct is further utilized which comprises: 

(a) a 5'-long terminal repeat (LTR) of a retrovirus such as Moloney murine leukemia virus 
(Mo-Mu-LV)); 

(b) a retroviral packaging signal such as ¥, downstream from the LTR; 

(c) DNA encoding thrombomodulin in operative association with the Herpes simplex 
thymidine kinase promoter downstream from the LTR; and 

(d) a 3 -long terminal repeat. 

The vector may also comprise at least a portion of the retroviral gag coding region 
(e.g. about 400 nucleotides thereof), generally downstream from the packaging signal 
sequence, i.e. normally y. The 3'-LTR also preferably includes a polyadenylation sequence. 
Preferably, a selectable marker such as the neo gene, conferring resistance to neomycin or 
an analog thereof, may be placed under the control of the 5'-LTR, generally downstream of 
the packaging signal sequence. An example of such a plasmid is pNTK-2TM.CWl, 
illustrated in FIG. 3. 
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Adcnoviral constructs may also be utilized, and are prepared e.g. as described 
hereunder. In particular, perfusion of diseased vessels with an aden viral c nstmct 
encoding TM can be effected to intnxluce the TM into the endothelium in the diseased 
vessels. 

According to a further aspect of the invention, there is provided graftable mammalian 
endothelial cells, tissue or organs comprising DNA encoding thrombomodulin under the 
control of a promoter, especially graftable endothelial cells, tissue or organs of a donor 
mammalian species, the cells, tissue or organs being modified to express thrombomodulin of 
a graft recipient species which is the same or a different species as the donor. Expression 
may be constitutive or regulable. 

A further aspect of the invention provides for a non-human transgenic mammal 
comprising DNA encoding thrombomodulin of a different species, particularly having 
transplantable endothelial cells or tissue modified as described above, and a method of 
preparing a non-human transgenic mamma) comprising DNA encoding thrombomodulin of a 
different species. An example of such a mammal is a transgenic mouse expressing human 
TM from its endothelial (or other) cells. A further example is a transgenic pig expressing 
human TM from its endothelial (or other) cells. 

In an illustrative embodiment, the invention comprises a method of transplanting into 
a human, an organ comprising porcine endothelial cells genetically modified to express 
functional human thrombomodulin. 
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Deagrintioii of the drawing* 



FIG. 



I Restriction map of plasmid pNTK-2. 



FIG. 2a Schematic view of plasmid pUC19.TM15 encoding human TM. 
FIG. 2b Schematic view of the insert of plasmid pUC19.TM.CWl 

(in FIGS. 2a and 2b, the bold lines indicate plasmid backbone sequences). 
FIG. 3 Schematic view of the expression vector pNTK-2.TM.CWl 
FIG. 4a FACscan analysis of the NTK.TM.CW1 producer cell pool. 
FIG. 4b Bar graph depicting relative expression levels of TM clones (arbitrary units) from 

limiting dilution of the NTK-2.TM.CW1 producer pool. 
FIG. S Northern analysis of NTK.TM.CW1 transduced cells. 
FIG. 6 Nuclease SI analysis of thrombomodulin expression. 

FIG. 7 Illustrated principle of the chromogenic assay for activated Protein C generation. 
FIG. 8 Rate of S-2366 cleavage at 3TC: 



FIG. 9 Bar graph illustrating activity of thrombomodulin, as reflected by maximal rate of 
activated Protein C (APC) production, following treatment of cells with TNF. 

FIG. 10 TM.CW1 comprising the native human thrombomodulin cDNA sequence 
(SEQ ID No.l) and NTK-2.TM.CW1 restriction analysis. 



dotted squares: 
lozenges: 
dark squares: 



untransduced PAEC 

NTK-2.TM.CWl transduced and selected PAEC 
EAhy926 cell line. 
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Definitions 

"Graft", "transplant" or "implant" are used interchangeably to refer to biological 

material derived from a donor for transplantation into a recipient, and to the act of 
placing such biological material in the recipient 

"Host" or "recipient" refers to the body of the patient in whom donor biological 
material is grafted. 

"Transgenic" refers to animals bearing foreign genes, independently of whether the gene is 
in the germ line or in the somatic cells. 

"Allogeneic" (and "allograft") refer to the donor and recipient being of the same 

species. As a subset thereof, "syngeneic" refers to the condition wherein donor and 
recipient are genetically identical. "Autologous" refers to donor and recipient being 
the same individual. "Xenogeneic" (and "xenograft") refer to the condition where the 
graft donor and recipient are of different species. 

"Mo-Mu-LTR": Moloney Murine Leukemia Virus long terminal repeat DN A sequence. 

"polyA": DNA sequence encoding a polyadenylation signal. 

"neo": the gene encoding neomycin phosphotransferase, which confers resistance to 

neomycin or neomycin analogs such as G418, which are toxic to most 
eukaryottc and other host cells. 

"promoter" a DNA sequence that directs transcription of DNA into RNA. 

"tk" Herpes Simplex thymidine kinase. 

"PAEC" porcine aortic endothelial cells. 

"HUVEC" human umbilical vein endothelial cells. 

"EAhy926 HUVEC": immortalized human umbilical endothelial cell line expressing 

human TM constitutively. 
"TNF": tumor necrosis factor. 

"Thrombomodulin" (TM) refers to the natural thrombomodulin gene (including 

the cDNA thereof) or protein, and include derivatives thereof having 
variations in DNA (or amino acid) sequence (such as silent mutations or 
deletions) which do not prejudice the functionality of natural thrombomodulin 
(USP 5773962 and USP 5756770). 



SUBSTITUTE SHEET (RULE 26) 



WO 9006933 

-9- 

DttAiled description of the in^ntion 



PCT/EP93/03379 



The gene encoding native thrombomodulin has been isolated and sequenced from 
several species, both in its generic form and as cDNA. The c mplete cDNA sequence for 
human thrombomodulin, derived from human umbilical vein endothelial cells, comprising an 
open reading frame of 1725 base pairs, encoding a 60.3 kDa (M r = 60*328) protein of 
575 amino acids, is disclosed by Majerus. (JSP 4*9 12*207, and is also depicted for 
nucleotide positions 170 to T894 in FIG. 10 (SEQ ID No.l) hereof. 

The invention broadly comprises rendering endothelial cells or tissue or organs less 
susceptible to activation or dysfunction in response to an immune challenge, by 
modification of these endothelial cells, tissue or organs by insertion therein of DNA 
encoding thrombomodulin in operative association with an appropriate promoter and 
expressing functional thrombomodulin from these modified cells at effective levels. 

The promoter may be constitutive or regulable, e.g. operate in appropriately inducible 
manner. In one embodiment the endothelial cells of the invention can express the TM 
protein constitutively, i.e. continuously; thus the TM coding sequence is operably linked to 
a promoter sequence expressing the protein constitutively in said cell. Alternatively, the 
endothelial cells can express thrombomodulin on a regulable, e.g. inducible basis, i.e. the 
TM coding sequence is operably linked to an inducible promoter, such that the protein can 
be expressed immediately before or following endothelial cell activation, or on demand in 
response to a predetermined external stimulus. In a further embodiment, the TM cDNA can 
be operably linked to an endothelial cell specific promoter. All the above promoters are 
preferably other than the promoter which is native to the TM protein encoding DNA 
sequence. 

Thus the invention in one aspect addresses the dysfunctional or activation response of 
vascular endothelial cells or tissue to an inflammatory or immune stimulus in a patient 
following such modification. It permits inhibition of thrombosis in a patient in need of such 
therapy following genetic modification of donor endothelial cells or tissue in vivo or in vino 
by inserting therein DNA encoding thrombomodulin protein under the control of an 
appropriate, e.g. regulable or constitutive, promoter, grafting of these donor cells or tissue 
into a recipient, and thereby allowing expression of functional thrombomodulin from these 
donor cells or tissue. 
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The donor species may be any suitable species which is the same or different from the 
recipient species and which is able to provide the appropriate end thelial cells, tissue or 
rgans for transplantation or grafting. In a preferred embodiment, human TM protein is 
expressed from cells f a different mammalian species, which cells have been placed or 
grafted into a human recipient. For human recipients, it is envisaged that pig donors will be 
suitable, but any other mammalian species, e.g. bovine, may be suitable. For example; 
porcine endothelial cells, or the progenitor ceils thereof, can be recruited from porcine 
subjects, genetically modified, and implanted into either the autologous donor or into 
another mammalian, e.g. human subject 

The donor cells or tissue may be transgenic in the sense that they contain and express 
DNA encoding the thrombomodulin protein of a graft recipient species or of a different 
species in whom they are implanted. Such transgenic cells or tissue may continue to 
express thrombomodulin indefinitely for the life of the cell, tissue or organ. 

Modification of endothelial cells according to the invention can be by any of various 
means known to the skilled worker. In vivo direct injection of cells or tissue with DNA 
can be carried out,/ for example. Methods of producing transgenic animals are becoming 
more widespread; appropriate methods of inserting foreign cells or DNA into animal tissue 
include microinjection, embryonic stem (ES) ceil manipulation, electroporation, cell gun, 
transfection-k, transduction, retroviral infection, etc. 

Retroviral vectors, and in particular, replication-defective retroviral vectors lacking one 
or more of the gag, pol, and env sequences required for retroviral replication, are 
well-known to the art and may be used to transform endothelial cells. PA317 or other 
producer cell lines producing helper-free viral vectors are welldescribed in the literature, e.g. 
in Miller and Buttimore. Mol. Cell Biol (1986), 2895-2902; USP 5 2 19740; 
USP 4 861719; USP 5 , 124'263; and USP 4 650764. 

A representative retroviral construct suitable for purposes of the invention comprises 
at least one viral long terminal repeat and promoter sequence upstream of the nucleotide 
sequence of the therapeutic substance, and at least one viral long terminal repeat and 
polyadenylation signal downstream of the therapeutic sequence. It can be, for example, the 
Moloney Murine Leukemia Vims (Mo~Mu~LV)-derived N2 pro-viral vector in which the 
gene of interest is flanked by a 5*- and a 3 - long terminal repeats (LTR's) and a packaging 
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signal sequence downstream of the 5'«LTR. N2 also contains approximately 400 base pairs 
of the gag coding region of Mo-Mu-MLV. Additionally, a large portion of the 
Mo-Mu-MLV coding sequence has been deleted in N2 and replaced with the bacterial 
neomycin-resistance gene (neo) [Eglitis et al., Sfiknct 22Q (1985) 1395-1398]. 

Porcine endothelial cells, such as porcine aortic endothelial cells, have been difficult 
to manipulate by typical genetic engineering techniques. Various vector constructs for 
constitutive expression of thrombomodulin in mammalian cells air given below in Table 1. 
It has surprisingly been found that a particular retroviral construct provides superior viral 
titre as well as protein expression of the transduced thrombomodulin. The exemplifed 
pNTK-2 vector has been found superior to e.g. the other retroviral contmcts indicated in 
Table I below for delivering high levels of viral titre and thrombomodulin expression: 



Table 1: 



Vector 


neo resistance gene driven by: 


cDNA 
driven by | 


LXSN 


SV40 
promoter/enhancer 


5' LTR 


pBG140 


5LTR 


CMV 
promoter/enhancer 


pCMVLTRtkneoS 


Thymidine 
kinase promoter 


5 LTR 


pNTK-2 


5' LTR 


Thymidine 
kinase promoter 



CMV = cytomegalovirus 

LXSN = Long terminal repeat - X (insert) - £V40 promoter - Neomycin phosphotransferase 
gene 

SV s simian vims 



As a result of an apparent synergy between the promoter-containing 5*-long terminal 
repeat sequence of the present pNTK-2 vector and its Herpes simplex tk promoter sequence, 
attractive thrombomodulin expression levels are obtainable from transformed endothelial 
cells. 

Vectors derived from adenoviruses, i.e. viruses causing upper respiratory tract disease 
and also present in latent infecti ns in primates, are also generally known and may be used. 
The ability of adenoviruses t attach to cells at low ambient temperatures is an advantage in 
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the transplant setting which can facilitate gene transfer during cold preservation. Aden viral 
vector constructs can be prepared in various ways to effect expression of thrombomodulin 
protein. In such vectors* the TM gene may be under the control of one or more different 
promoters. One such promoter is the known CMV promoter/enhancer. 

An adenoviral vector for the delivery of TM into endothelial cells may e.g. be 
constructed as follows: 

(a) A TM transfer vector can comprise the TM gene (e.g. construct TM.CW1 ) downstream 
and under control of the CMV promoter/enhancer with polyA sequences downstream of 
the gene. Flanking this construct are adenoviral sequences necessary to promote 
recombination with a suitable vector. For example, such sequences may comprise 
about 400 bp of the adenoviral sequence upstream and about 3 kb of the adenoviral 
sequence downstream, which is numbered approximately 3000-6000 relative to the 
upstream 400 bp sequence. 

(b) An adenoviral vector construct comprising the adenoviral genome with an insert in the 
El coding region, whereby the insert prevents the plasmid from giving rise to 
background. 

(c) 293 cells are a continuous line deriving from human fetal kidney, containing and 
expressing proteins of the adenoviral El region (i.e. in trans) necessary for replication 
and related functions in an adenovoral vector which lacks this region. For example, 
293 ceils can contain and express the adenoviral El a and Elb proteins needed for 
replication-related functions. 

The recombination of vector (a) and vector (b) by co-transfection into 293 cells results 
in formation of adenoviral particles containing the DNA encoding TM, these particles being 
preferably lacking in one or more sequences of the adenoviral region, and thus being 
preferably replication defective. Co-transfection is done while the cells are overiayed with 
medium containing I % agarose so that the pure recombinant virus or viral vectors are 
obtained directly as visible clearings/plaques in the monolayer upon lysing of virus 
producing cells. The recombinant vims may be characterized and expanded physically by, 
for example, PCR and Southern blot and by expression using e.g. huTM monoclonal 
antibody prepared by known procedures. The resulting replication -defective recombinant 
virus as obtained, for example, by freeze-thaw lysis of infected 293 cells, is particularly 
effective for constitutive product! n of TM protein, in particular in endothelial cells. 
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An adenoviral vector contract for use in the invention comprises' an expression 
cassette comprising the thrombomodulin DNA in operative association with the cmv 
promoter, and a poly A sequence downstream therefrom. The expression cassette is 
introduced int the adenovirus genome by recombination of two plasmids in human 
embryonic kidney cells (293 cell line) which prove the presence of El genes in trans and 
thus permit replication of an adenovirus vector which lacks the El region. 

An alternative approach to targeted gene delivery is through the formation of a 
DNA-protein complex. This type of gene transfer substrate is constructed by conjugating 
the thrombomodulin gene to a polypeptide ligand for an acceptor on an endothelial cell. 

Cells or cell populations can be treated in accordance with the present invention 
in vivo or in vitro . For example, for purposes of in vivo treatments, thrombomodulin 
vectors of the present invention can be inserted by direct infection of cells, tissues or organs 
in situ. Thus the vessels of an organ such as a kidney can be temporarily clamped off 
in vivo from the blood circulation and the blood vessels perfused with a solution comprising 
a transmissible vector construct containing the subject thrombomodulin gene, for a time 
sufficient for the gene to be inserted into cells of the organ; and, on removal of clamps, 
blood flow can then be restored to the organ. In another embodiment, cellular modification 
can be carried out ex vivo in cultured cells. Cell populations can be removed from the 
donor or patient, genetically modified by insertion of vector DNA, and then implanted into 
the patient or another recipient. Additionally, an organ can be removed from a donor, 
subjected ex yivo to the perfusion step described above, and the organ can be re-grafted into 
the donor or implanted in a different recipient who is of the same or a different species. 

Genetically modified endothelial cells may be introduced e.g. in reseeded denuded 
vessels or prostheses at the site of a transplant. Tissue or organs comprised thereof may 
also be removed from a donor and grafted into a recipient by well-known surgical 
procedures. Prior to implantation, the treated endothelial cells or tissue may be screened for 
genetically modified cells containing and expressing the construct. For this purpose, the 
vector construct can also be provided with a second nucleotide sequence encoding an 
expression product that confers resistance to a selectable marker substance. Suitable 
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selectable markets for screening include the neo gene, conferring resistance to neomycin, or 
the neomycin analog G41 8. 

Although any mammalian cells can be targeted for insertion of the thrombomodulin 
gene, endothelial cells are the preferred cells for manipulation. The recipient species will be 
primarily but not exclusively human. Other mammals, such as primates, may be suitable 
recipients. 

An inflammatory stimulus which leads to activation of endothelial cells by serum 
factors such as TNF occurs in a wide variety of pathological conditions, including injuries, 
burns, septic shock, autoimmune disease, allogeneic or xenotransplantation transplantation, 
surgery, etc. Further diseases include those where there is an increase in propensity for 
thrombus formation (e.g. atherosclerotic and thrombotic conditions such as ischemic heart 
disease, atherosclerosis, multiple sclerosis, intracranial tumors, thromboembolism and 
hyperlipemia, thrombophlebitis, phlebothrombosis, cerebral thrombosis, coronary thrombosis 
and retinal thrombosis), as well as those following parturition or surgical operations such as 
coronary artery bypass surgery, angioplasty and prosthetic heart valve implantation. 

Insofar as the preparation of the reagents, starting materials or cell lines mentioned is 
not specifically described herein, they are known and available or they, or equivalents 
thereof, may be prepared from known available products according to known procedures. 

The following Example is by way of illustration only and is not intended to be 
limitative in any respect of the invention herein described and claimed. All temperatures 
are in degrees Centigrade. 
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Example 
Materials 

Human thrombomodulin cDNA is obtained from the American Type Culture 
Collection (Rockville, MD, USA) cloned in the EcoRI site of plasmid pUC19 to form 
pUC19TM15 (ATCC Accession No. 61348). 

Plasmid pNTK-2 is derived from pXTl [Boulter et al. f Nucleic Acids Research 15 
(17) (1987) 7194, and further described in Fig. 1. 

The PA317 cell line (ATCC CRL 9078) contains an amphotropic, replication-defective 
retroviral construct lacking in the viral packaging signal but encoding the gag, pol, and env 
protein packaging genes. 

Pig aortic endothelial cells (PAEC) are purified from aorta obtained e.g. from the 
Deaconess Hospital Animal Laboratories (Boston, MA, USA). Passage 4 human umbilical 
vein endothelial cells (HUVEC1 originate from Children's Hospital (Boston, MA, USA). 

The PA317 cells and PAEC are maintained on DMEM media (Gibco) with 
10% heat-inactivated fetal calf serum, penicillin and streptomycin. 

Methods 

a. Construction of pNTK-2TMCWl 

Digestion of plasmid pUC19.TM15 with BstXI and HindHI produces a truncated 
cDNA sequence from which the 3'-untranslated region, including polyadenylation sites of 
the TK gene and a small segment of the adjacent pUC polylinker, are deleted. The excised 
segment is replaced by a synthetic linker of 29 nucleotides plus overhangs encoding 
intermediate Sail, EcoRI and BamHI sites, and is schematically depicted in FIG. 2b as 
pUC.TM.CWl. 

The truncated sequence TM.CW1 is cut out of pUC.TM.CWl at the Sal-1 site and 
cloned into pNTK-2 as a Sail fragment fused to the Xhol site in pNTK-2 to give 
pNTK-2.TM.CWl. schematically depicted in FIG. 3. 

b. Transduction of producer cells 

Plasmid pNTK-2.TM.CWl is linearized in the plasmid backbone with Seal, and the 
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linearized plasmid pNTK-2.TM.CWl is transduced by electroporation into PA 317 cell 
culture. 

c. Control producers 

A plasmid is prepared by the methods described under a. above, except that it is 
lacking the thrombomodulin gene. This plasmid is also transduced by electroporation into 
PA317 cells to produce "empty " pro virus, i.e. viral titres containing the neo gene but not the 
thrombomodulin gene. 

d. Selection and analysis of producer clones 

Neomycin selection of the transfected PA317 cells is carried out for at least 14 days 
in at least 600 ng/ml G418 (Gibco Grand Island NY Cat. No. 1 181 1-031 ). The resulting 
NTK-2.TM.CW1 producer pool is sub-cloned by limiting dilution to yield 29 sub-clones. 
Supernatant from the sub-clones is harvested in the late log, early stationary phase and spun 
at 2000 g for 10 minutes to remove producer cells and debris, then purified in a single cycle 
of rapid frceze-thawing in liquid nitrogen. 

e. FACscan analysis 

FACscan analysis of the NTK-2.TM.CW1 producer pool is carried out using 
anti-thrombomodulin monoclonal antibody UB1 and FTTC conjugated secondary reagents 
according to the procedure described by Harlow and Lane, Antibodies: A Laboratory 
Manual. Cold Spring Harbor Laboratory Publication, Ch. 10 (1988). In FIG. 4a, the 
unfilled area shows producer cells incubated with the secondary reagent alone. The filled 
area (secondary reagent and 11 Bl ) corresponds to the level of thrombomodulin per cell, 
increasing left to right The NTK-2.TM.CW1 producer pool produces a medium titrc vims 
(1-2 x 10* infectious units/ml). Approximately 80% of the NTK-2.TM.CW1 clones are 
found to be TM expressing. 10-15% of the subclones produce vims which confers G418 
resistance but not NTK-2.TM.CW1 expression (FIG- 4b). 

f . Infection of 3T3 cells 

3T3 fibroblasts are infected with purified viral supernatant and selected with G418 14 
days thereafter. Of the 29 sub-clones, 22 produce viral titres on the 3T3 fibroblasts. By 
comparison, other retroviral constructs containing NTK-2.TM.CW1 under the control of 
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strongcr constitutive promoters, such as hereinabove described in Table 1, produce low viral 
titles. Selection of a single ci ne, AS, results in an approximate doubling of the 
transduction frequency as judged by anti-TM immunohistochemistry, from 30-40% to 
60-80%, respectively. 

g. Infection of PAEC 

PAEC in the log phase of growth are seeded at 0.5 - 2 x lO' cells per 
30 mm-diametet petri dish and incubated with the purified A5 supernatant in the presence 
of 8 ng/ml polybrene surfactant over 24 hours. 

h. PAEC stimulation with bacterial endotoxin and human TNF 

Confirmation that the transduced PAEC retains susceptibility to activation is obtained 
by carrying out an EUSA with anti-human TM monoclonal antibody 1A4 on PAEC clones 
treated with 100 ng/ml of bacterial cell wall Hpopoiy saccharide (LPS) or TNF, known cell 
activators. The cells respond to stimulation by up-regulating E-selectin, which is known to 
be up-regulated during cellular activation. Stimulation results in some reduction of 
thrombomodulin activity, as also measured by ELISA with 1A4, which appears largely 
attributable to posttranslational mechanisms (i.e. the oxidation tendency of methionine^ of 
the protein) rather than reduced expression. TM expression and APC production in 
response to stimulus of various cell lines with TNF is shown in FIG- 9 (error bare 
± 1 standard deviation). The activity of the endogenous TM protein expressed by HUVEC 
is essentially fully down-regulated by TNF-<x, whereas human TM expressed by transduced 
PAEC is resistant to cytokine-induced down-regulation. 

i. Immunoperoxidase study 

The transduction efficiency of exponentially growing PAEC is determined 24 hours 
after infection by indirect immunoperoxidase staining with antibody 1 A4. The transduced 
PAEC are washed with phosphate buffered saline (PBS), then fixed for 10 minutes with 
0.05 % glutaraldehyde at room temperature. After blocking in 5 % goat serum in PBS, the 
cells are incubated for 1 hour in 2 % goat serum in PBS at room temperature with 
anti-human thrombomodulin monoclonal 1 A4 diluted 1:350; biotinylated goat anti-mouse 
antibody (Pierce 31802, diluted 1:2000) and streptavidin peroxidase (Pierce, diluted 1 
:2000). The presence of antigen was detected using aminoethyl-carbazole. Good 
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transduction frequencies are btained with a single round of infection using supernatant 
harvested from the A5 clone. In untransduced PAEC, thrombomodulin message is 
negiigable and no protein is detected. 

j. Maoism analysis 

Total RNA is then isolated from the transduced, positive-selected PAEC by the 
guanidinium isothiocyanate / acid phenol method. FIG. 5 shows the Northern blot of RNA 
(16 h exposure) from PAEC culture cells probed with the EcoRI fragment of 
pUC.TM.CWl; untransduced PAEC; EAhy926; NM 3T3; and NTK-2.TM.CWI transduced, 
positive selected NIH3T3 The lanes contain 10 jig RNA. The interpolated size of 
thrombomodulin mRNA is 3.7 kilo bases. 

Two major RNA species predominate: (I) a 3-33 kb sequence, coiresponding to the 
tk driven transcript; and (2) an approximately 5.5 kb sequence hybridizable with a TM 
probe and a probe for G4 18 resistance, evidencing transcriptional readthrough, starting with 
the LTR driven transcription and continuing from the neo gene through the tk and TM 
sequence, corresponding to a 5-LTR to 3*LTR transcript. 

k. Nuclease SI analysis 

Steady state levels of human TM-encoding mRNA are determined by SI nuclease 
protection analysis. TM15 cloned in plasmid pKS M13+ at the EcoRI site is digested with 
Pvull and Xmal to produce a 530 bp probe for SI nuclease protection. The protected 
fragments seen in the transduced cells correspond to the 260 bp fragment that would be 
expected from the EcoRI site to the Xmal site in TM15. The wild type human 
thrombomodulin yields a protected fragment 23 bp shorter. SI nuclease analysis (3 days 
exposure) of RNA from transduced cells demonstrates significant steady-state expression of 
human TM-encoding mRNA (FIG. 6). 
t 

1. Scatchaid analysis of TM expression. 

A comparison is made between the level of expression of TM in transduced PAEC as 
compared with the high-expressing EAhy926 cell line, and with human umbilical cord vein 
endothelial cells (HUVEC), which expresses human TM constitutively. 

The comparison is made by first estimating the absolute number of thrombomodulin 
molecules per cell on the EAhy926 cell line since all cells should express the molecule. 
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using Scatchard analysis with radiolabeled 1A4. The levels of expression of the PAEC and 
EAhy926 arc of similar magnitude. In a comparative ELISA, the EAhy926 cells express an 
average of 2.5 x I0 3 molecules per cell, and the G418-selected NTK-2.TM.CW1 - 
transduced cells at least lix 10 5 molecules per cell. 

m. Biological activity 

Functionality of expressed human TM is quantified by co-factor assay on confluent 

human TM-exprcssing PAEC, empty vector-transduced PAEC, HUVEC and EAhy926 (FIG. 

7). The cells are grown to confluence in 24-welI plates. The culture medium is removed 

and wells washed with PBS. The cell cultures are incubated with 170 |il of the following 

substrate co-factor solution: 

0.8 fig human Protein C (purified from pooled plasma (American Red Cross) 
0.1 international units of bovine thrombin in lx cofactor buffer (comprising 50 mM 
tris-HCl, pH 8.0; 100 mM NaCI; 10 mM CaCI 2 ; 0.1% BSA), 

for 60 minutes at 37° in a C0 2 incubator as described in Owen, W. and Esmon, C, J. Biol. 
Chfill. 251 (1982) 859 and Freyssinet et al., Biochem. J. 22& (1986) 151. To quench the 
reaction, 3 units of leech hirudin (a thrombin binder) is added to each culture. Activated 
Protein C generated during the above incubation is assayed kinetically using the 
chromogenic substrate, S-2366 by combining 159 ill of quenched reaction mixture and 50 \xl 
of substrate and reading the OD at 405 nm in a microplate reader. Activity of the 
thrombomodulin is expressed as the maximum rate of cleavage of the chromogen in mOD 
units/min. The thrombomodulin expressed by the PAEC is found able to catalyze thrombin 
mediated action of human protein C, using both human and bovine thrombin. By 
comparison, no significant thrombomodulin activity is detected on the untransduced PAEC 
(FIG. 8), and less activity is seen with the EAhy926 cell line. 

The activity of the thrombomodulin is comparable to that seen with HUVEC. 

n. Clotting studies 

A microwell in vitro clotting experiment can demonstrate that transduced PAEC 
causes an extension of clotting times when activated with human plasma followed by 
freeze -thaw disruption of the cells. 
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1. A method of genetically modifying mammalian cells to render them less susceptible to 
an inflammatory or immunological stimulus, comprising inserting therein, or in the 
progenitors thereof, DNA encoding functional thrombomodulin protein in operative 
association with a suitable promoter, whereby thrombomodulin is expressed under 
endothelial cellular activating conditions. 

2. A method of inhibiting thrombosis in a mammalian subject susceptible to an 
inflammatory or immune stimulus which comprises inserting into cells, tissue or an organ of 
the subject, DNA encoding thrombomodulin in operative association with a promoter, 
whereby functional thrombomodulin is expressed from these modified cells in the presence 
of cellular activating factors. 

3. The method of claim 1 or 2 in which the DNA encoding mammalian thrombomodulin 
is inserted into endothelial cells or tissue. 

4. The method of claim 3 in which the DNA encodes human thrombomodulin. 

5. The method of claim 4 in which the DNA encoding thrombomodulin is in operative 
association with a constitutive promoter. 

6. The method of claim 4 in which the DNA encoding thrombomodulin is in operative 
association with a regulable and/or inducible promoter. 

7. The method of claim 1 or 2 in which the DNA encoding thrombomodulin is in 
operative association with the thymidine kinase promoter. 

8. The method of claim 1 or 2 in which the DNA encoding thrombomodulin is in 
operative association with both the thymidine kinase promoter and a retroviral 5'-Iong 
terminal repeat DNA sequence, this repeat sequence being located upstream from the 
thymidine kinase promoter. 
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9. The method of claim 1 or 2 in which a retroviral 3-long terminal repeat DNA sequence 
is downstream from the DNA encoding thrombomodulin. 

10. The method of claim 1 or 2 in which the DNA encoding thrombomodulin is in 
operative association with the cmv promoter. 

1 1. A method of transplanting donor allogeneic or xenogeneic endothelial cells, or tissue or 
organs containing endothelial cells to a mammalian recipient in whom such cells, tissue or 
organ are subject to inflammatory or immune activation, which comprises: 

(a) genetically modifying these donor cells or progenitor cells thereof or tissue or organ by 
insetting therein DNA encoding thrombomodulin under the control of a promoter, 

(b) implanting the resultant modified donor cells, tissue or organ into the recipient; and 

(c) allowing expression from the resultant modified cells, tissue or organ of functionally 
active thrombomodulin. 

12. The method of claim 11 in which DNA encoding human thrombomodulin is inserted 
into the donor cells or tissue and the recipient is a human. 

13. The method of claim 12 in which the donor cells or tissue are of a non-human 
mammal. 

14. The method of claim 13 in which the DNA encoding thrombomodulin is in operative 
association with a constitutive promoter. 

15. The method of claim 13 in which the DNA encoding thrombomodulin is in operative 
association with a regulable and/or inducible promoter. 

16. The method of claim 13 in which the DNA encoding thrombomodulin is in operative 
association with the thymidine kinase promoter. 
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17. The method of claim 16 in which the DNA encoding thrombomodulin is in operative 
association with both the thymidine kinase promoter and a retroviral 5 -Iong terminal repeat 
DNA sequence, the repeat sequence being located upstream of the thymidine kinase 
promoter. 

18. The method of claim 17 in which a retroviral 3 -long terminal repeat DNA sequence is 
downstream from the DNA encoding thrombomodulin. 

19. The method of claim 13 in which the DNA encoding thrombomodulin is in operative 
association with the cmv promoter. 

20. A retroviral construct which comprises: 

(a) a 5 -long terminal repeat (LTR) of a retrovirus; 

(b) a retroviral packaging signal downstream from the LTR; 

(c) DNA encoding thrombomodulin in operative association with the Herpes simplex 
thymidine kinase promoter downstream from the LTR; 

(d) a 3 -long terminal repeat. 

21. Graftable mammalian endothelial cells, tissue or organs comprising DNA encoding 
thrombomodulin under the control of a constitutive, or a regulable and/or inducible 
promoter. 

22. The endothelial cells, tissue or organs of claim 21 of a donor mammalian species, the 
cells, tissue or organs being modified to express thrombomodulin of a graft recipient species 
which is a different mammalian species as the donor. 

23. The cells, tissue or organs of claim 22 wherein the donor mammalian species is porcine 
and the graft recipient is human. 
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24. A non-human transgenic mammal comprising DNA encoding thrombomodulin of a 
different species. 

25. The transgenic mammal of claim 24 which is a pig or a mouse and in which the DNA 
encodes human thrombomodulin. 
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